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Article:
Joint laxity continues to be a variable of interest as we seek to uncover the underlying risk factors for ACL injury in females. 1 Measures of anterior knee laxity (AKL), [2] [3] [4] [5] [6] genu recurvatum (GR) 5, 7 and general joint laxity (GJL) 6, [8] [9] [10] are greater in females compared to males, and both retrospective 9, 11-14 and prospective 6, 15 studies implicate an association between greater AKL, GR and/or GJL and risk of ACL injury. These findings are largely based on laxity measures taken at a single time point, yet there is evidence that joint laxity may change appreciably in response to changes in sex hormone concentrations across the menstrual cycle. [16] [17] [18] [19] Hence, the risk associated with greater magnitudes of joint laxity may also change cyclically. This periodicity is supported by epidemiological studies noting a higher proportion of ACL injuries in the follicular (both early and late) compared to luteal phase. [20] [21] [22] [23] [24] To date, studies examining cyclic variations in joint laxity have been limited to AKL. In studies that used actual hormone concentrations to define cycle phase, females were reported to have greater AKL in the periovulatory and luteal phases of the menstrual cycle compared to the early follicular phase (menses). [16] [17] [18] [19] However, other studies examining a particular phase based on specified day(s) of the cycle have reported no cyclic changes in AKL, suggesting there is no uniform time in the cycle where all females experience these cyclic changes. 2, [25] [26] [27] [28] This is consistent with findings that the magnitude and timing of cyclic changes in AKL can vary considerably among individual females, 18, 29 in part due to the individual variability in the timing and amplitude of their sex hormone concentration changes. 29, 30 Cyclic variations in GJL and GR have yet to be examined. Characterizing the extent to which these variables change across the cycle is important for future prospective study designs, as the risk associated with these factors may also vary over time (perhaps in some females more than others). Also unknown is the extent to which the pattern of cyclic variations is consistent across laxity variables, or within an individual from month to month. Both have implications for determining hormone responsiveness within an individual, that is, whether changes in a single laxity variable is sufficiently representative of changes in other laxity variables, and whether data obtained in a given month is representative for that individual over time.
We examined the change in magnitude of AKL, GR, and GJL across the early follicular and early luteal phases of the menstrual cycle over two cycles, and examined the similarity in these cyclic variations between the two cycles and between the three laxity variables. Based on previous studies of AKL, our expectation was that consistent cyclic increases in GR and GJL would be observed between days in the early follicular to days in the early luteal phase of the menstrual cycle, but that the magnitude of these cyclic variations would vary considerably among females. We also expected that the pattern of cyclic variations between AKL, GR, and GJL would be similar.
METHODS
Seventy females (21.5 ± 2.6 years, 163.9 ± 6.6 cm, 60.9 ± 8.9 kg) participated as part of a larger study on hormone mediated changes in knee joint laxity and knee joint neuromechanics. Participants were recreationally active between 2.5 and 10 h per week for the past 3 months; had normal menstrual cycles lasting 26-32 days that varied no more than ±1 day between months and did not use oral contraceptives or other hormone stimulating medications for the past 6 months; had no history of pregnancy or plans to become pregnant; had a body mass index <30 (BMI = wt/ht 2 ); were non-smokers; had no history of injury involving the osteochondral surface, ligament, tendon, capsule, or menisci; had no connective tissue disorders; and consumed no alcohol 24 h prior to any test session. Participants signed a University approved consent form prior to enrollment.
Because previous work has identified considerable variability in the timing and magnitude of AKL changes from the early follicular to luteal phases, 29, 30 we tracked females for 2 months, measuring AKL, GR and GJL each morning during the first 6 days following the onset of menses (per self report) and the first 8 days following evidence of ovulation. These test days were selected to best capture individual cyclic variations as previous research has identified minimum and maximum AKL values during these time points. 16, 17, 19 To estimate day of ovulation, participants were provided an ovulation kit (CVS One Step Ovulation Predictor [sensitivity 20 mIU/mL LH, accuracy 99%]; CVS Corporation, Woonsocket, RI) to begin using on day 8 of their menstrual cycle. All data were obtained in the morning hours (7:00-9:00 a.m.) prior to any physical activity, with each tested as close as possible to the same time each day within that 2 h window (generally ± 30 min). While it was not possible to blind investigators to the general time of a female's cycle, one investigator obtained the laxity measures on each day while blinded to the subject's previous measures, and a separate investigator handled subject scheduling and data entry. All participants were tested on the dominant stance leg (preferred stance limb when kicking a ball). Prior to testing, participants attended a session to familiarize them with all study requirements. Participants were instructed to avoid any unusual or strenuous activity 2 days prior to any test day (defined as activity beyond what they normally and consistently perform on a daily basis), and to defer their daily exercise routine until after each test session. These instructions were intended to control for exercise related changes in laxity,27 and to prevent muscle soreness and other changes in muscle tension from confounding daily laxity recordings. A brief questionnaire administered each morning ensured participants were adhering to study requirements.
Prior to initiation of the study, two investigators were trained on the laxity measures and established excellent intratester (day-to-day) reliability [Intraclass correlation coefficient and standard error of measurement for GJL] on a group of 16 subjects measured on two occasions, 24-48 h apart. To optimize measurement consistency within an individual, one examiner performed all measurements. AKL was measured as the anterior displacement of the tibia relative to the femur when a 133N posterior-to-anterior directed load was applied to the tibia using the KT-2000 ® Knee Arthrometer (MEDmetric ® Corp, San Diego, CA). With the knee flexed to 25 ± 5°, three posterior directed forces were applied to the tibia to establish a zero reference point, followed by an anterior directed force of 133N to measure AKL. Surface electromyographic electrodes monitored any measurable muscle activity or guarding. To reduce measurement error, all positions were marked to ensure reproducible positioning day to day, the thighs were stabilized with a Velcro strap to minimized lower extremity rotation, and a bubble level on the device ensured a direct A-P line of pull. The device was calibrated annually to maintain accurate readings. GJL was measured with the Beighton and Horan Joint Mobility Index. 31 Mobility was measured at the trunk, and bilaterally at the 5th finger, thumb, elbow, and knee, with each joint receiving a score of 1 for each criteria met: 5th finger extension ≥90°, ability to passively flex the wrist and abduct the thumb so that the thumb touched the volar aspect of the forearm, active elbow hyperextension ≥10 degrees, standing postural knee hyperextension ≥10 degrees, and ability to flex the trunk and easily place the palms of the hands flat on the floor while keeping the knees extended. The cumulative score (range 0-9) from all joints was recorded as GJL. GR was measured in supine with the distal shank on a 4 in. bolster. A 12 in. goniometer equipped with extendable rods was aligned with the axis over the lateral femoral epicondyle, the stationary arm with the greater trochanter and the movable arm with the lateral malleolus. The measurement was taken while the participant contracted their quadriceps and maximally extended their knee. Genu recurvatum was recorded in degrees as a positive value.
Daily measurements for AKL, GR, and GJL obtained from the first 6 days of menses (M1-M6) and the first 8 days of the early luteal phase (L1-L8) over two consecutive menstrual cycles were recorded for each female. At each time point, three measures were taken of AKL and GR and averaged for analysis. Separate linear repeated measures mixed models for AKL, GR, and GJL determined whether laxity values differed by cycle (controlling for day) or day (controlling for cycle), or whether there was significant cycle by day interaction. Given the known individual variability in the pattern of laxity changes across the menstrual cycle, 18, 29 we also examined laxity changes on an individual level by extracting the minimum, maximum and delta (maximum-minimum) values for each laxity variable within each female and month. Repeated measures ANOVA and intraclass correlation coefficients (ICC 2,3 ) and standard error of measurements (SEM) were then used to examine the consistency in these values across cycles. Finally, to better compare the patterns of variability across the 14 days for the three laxity variables on the same scale, we also plotted the z-scores for each set of daily means-from each daily mean we subtracted the overall mean for that variable, and divided by the standard deviation of the daily means for that variable. We then computed Spearman correlation coefficients for each set of comparisons of daily means of AKL, GJL, and GR, and also for each set of comparisons of absolute maximums, minimums, and deltas (maximum-minimum) of AKL, GJL, and GR. Alpha level was set for all analyses at p < 0.05.
RESULTS
Three of the 70 enrolled subjects were excluded because of multiple missed data sessions, and 1 was excluded due to a very short luteal phase resulting in incomplete data. Study compliance was very good for the remaining 66 subjects; occasional missed sessions (illness, travel, etc) resulted in 3 or fewer data points missing from any given test day from M1 to L6. For days L7 and L8, 5 and 8 data points were missing, respectively, due to shortened luteal phases in some subjects (i.e., they began their next cycle before 8 days post ovulation could be collected), and schedule conflicts in others (e.g., end of data collection extending into holidays). Table 1 presents the daily group means for each laxity variable, stratified by cycle and also averaged across the two cycles. Linear mixed models revealed significant differences in AKL (p = 0.013), GR (p < 0.001), and GJL (p < 0.001) by day. The largest mean difference was observed between days L5 and L8 for AKL (0.32 mm), and between M1 and L5 for GR (0.56°) and GJL (0.26). There were no significant main effects of cycle (p range 0.100-0.992), and no significant cycle × day interactions (p range 0.080-0.712) for any of the laxity variables, suggesting that, for each variable, the pattern of daily changes were generally consistent across the two cycles. Table 2 presents the means, standard deviations, and ranges for absolute minimum, maximum and delta values for each laxity variable obtained at the individual level, stratified by cycle. Although general joint laxity (GJL) scores ranged from 0 to 7 in these data, 45% of all the GJL scores across all subjects and days were either 0 or 1, and 31% of subjects had a GJL score of either 0 or 1 for their maximum value. Across both cycles, the minimum and maximum values of each of the three variables were significantly different from one another (p < 0.01). Further, for each variable, the difference between minimum and maximum values was somewhat smaller for cycle 2 compared to cycle 1 (p range 0.004-0.012). Reliability estimates indicate a high level of month to month consistency for minimum and maximum laxity values within an individual (ICC 2,3 range = 0.95-0.98), and lower consistency (ICC 2,3 range = 0.51-0.73) for delta values (primarily due to the smaller between subject variance in this measure-see Figure 1 for the distribution of the delta values). These results suggest that there are no consistent differences in minimum, maximum, or delta laxity values across the two cycles, which further confirms the results of repeated measures mixed models. Thus, for the remaining analyses described below, we combined data across the two cycles. 6.4 ± 2.4 6.5 ± 2.2 6.5 ± 2.3 3.6 ± 3.4 3.9 ± 3.4 3.7 ± 3.4 1.8 ± 1.5 2.0 ± 1.6 1.9 ± 1.6 *Largest mean difference at L5 compared to L8 (AKL), and M1 (GR and GJL) (all p < .05). Plots of average means by day of AKL (Fig. 2A), GR (Fig. 2B) , and GJL (Fig. 2C) suggest a similar pattern of change across the menstrual cycle. Spearman correlations among these average daily means were 0.62 for AKL and GR, 0.61 for AKL and GJL, and 0.91 for GR and GJL. This similarity is more apparent in Figure 3 , where the standardized values of the daily means for each variable are plotted on the same axes. The significant main effect for day (p < 0.013) as reported in each of the repeated measures models for AKL, GR, and GJL is readily apparent in these figures. All variables reach their average maximum on day L5. GR and GJL reach their average minimum daily value on M1, while AKL reaches its average minimum on L8. However, this similarity in the pattern of change in the average daily means for AKL, GR, and GJL hides much individual-level variability in these values across the cycle. As can be seen from the standard deviations reported in Table 1 , they are relatively large in magnitude compared to the means, particularly for GR and GJL. To further characterize individual-level variability, we computed the proportion of females who reached their own maximum (minimum) laxity value on the same day that the group average maximum (minimum) was reached. Using data from cycle 1, 21.4% reached their maximum AKL on day L5 (the day of the average maximum), while an additional 30% reached maximum AKL within 2 days of L5. For GR, 24.3% reached their maximum on day L5, while an additional 57.1% reached maximum within 2 days of L5. Similar proportions (21.4% and 25.7%) reached their minimum AKL and GR, respectively, on the same day the average minimum value was reached (day L8 for AKL, day M1 for GR), and an additional 31.4% and 27.1% reached their minimum AKL and GR, respectively, within 2 days of the average minimum. We did not carry out these computations for GJL, given the small range of scores on this variable for most subjects.
The Spearman correlation coefficients for the relationships between laxity variables at the individual level were 0.43 for AKL and GR, −0.07 for AKL and GJL, and 0.16 for GR and GJL. These Spearman correlations are considerably lower than those computed for the comparisons of average daily means at the group level, suggesting a relatively large amount of inter-individual variability in pattern of daily values of the three variables.
DISCUSSION
Our primary findings suggest that, on average, at the group level, similar and substantial cyclic changes occur in AKL, GR, and GJL across the menstrual cycle. To our knowledge, this is the first study to demonstrate such similarity. Not unexpectedly, however, given what is known about menstrual cycle variability among women, the patterns and magnitudes of cyclic changes in these laxity variables were considerably different across females. This variability is apparent when comparing the significant but relatively small changes in daily mean values (Table 1) to the standard deviations (also in Table 1 ) and to the substantially larger average delta values (Table 2 ). This variability is further reinforced by the apparent dispersion in the time when individual females obtained their minimum or maximum laxity values compared to the day that the group mean minimum and maximum values occurred. Finally, the crude correlations between AKL, GR, and GJL at the individual level were comparatively low (−0.07 to 0.43). While one might interpret these variations to simply represent random error in the data, we do not believe this is the case for two reasons. First, the intra-individual changes observed in the majority of women were substantially larger than what could reasonably be explained by random error alone, as on average, intra-individual deltas typically exceeded 4-6 times the expected measurement error (0.3-0.4 mm for AKL, 0.3-0.5° for GR, 0.2-0.3 pts for GJL). Second, although the timing and magnitude of cyclic variations were quite variable between women, the pattern of change within an individual was quite consistent from 1 month to the next.
When comparing our findings in this larger cohort with previous research examining cyclic changes in AKL, some important observations are noted. First, the largest mean difference we observed between days is in line with previous studies, where the largest mean difference reported across measured time points range from 0.26 to 0.60 mm in most studies, 2, 16, 18, 25, 26, 28 but was higher in two others (0.8-1.4 mm). 17, 19 Second, our results support earlier work 18, 29, 30 that the magnitude of cyclic changes in AKL (as well as that now observed for GR and GJL) is quite variable across females; not all females experience substantial cyclic changes in their laxity values. When examining the maximum change in AKL across days within individuals, these changes average 1.8 mm, but ranged from 0.7 to 3.7 mm. This average change was higher than one study which reported an average change of 1.42 mm (range not reported) in recreationally active females when compared across three time points, 32 but smaller than what was reported for a group of more sedentary females when measured daily across one complete menstrual cycle (3.2 mm, range 1.5-5.3 mm). 29 Our findings also agree with previous work that the timing of the cyclic changes are quite variable among women, and may not always be confined to the periovulatory and early luteal phases. 29 This was recently demonstrated by Park et al. 18 who compared laxity values in 26 females across the follicular, peri-ovulatory and mid luteal days of the cycle, and reported that 10 of 26 females recorded their highest laxity value in the follicular phase. In the present study, close to 50% of the subjects had their minimum or peak laxity value more than 2 days away from the day of mean maximum or minimum, and it was not uncommon to observe rising or declining laxity values during days of menses. Although these cyclic variations during menses have been suggested to be a delayed response to hormone concentration changes experienced during the mid to late luteal phase, 29 we were unable to examine this potential delayed response due to the limited days examined.
Collectively, these findings indicate that cyclic variations in joint laxity are not uniform among women, or in their timing across the menstrual cycle, and therefore the pattern of laxity changes may be unique to each female. This lack of uniformity across individuals and cycle phase may in part explain why some have observed cyclic changes in AKL [16] [17] [18] [19] while others have not, 2, [25] [26] [27] [28] 33 particularly when compared in smaller samples using specific days to represent a given phase. Unfortunately, the large degree of individual variability in the magnitude and timing of these changes makes it difficult to develop appropriate study designs to capture these cyclic variations. While we tracked females over multiple days to better capture individual cyclic variations, these procedures are very expensive and time intensive, and thus lack routine application to research or clinical practice. Alternative methods must be developed if we are to capture this individual variability and advance our understanding of how differences in the magnitude of these cyclic variations may be linked to at risk knee joint neuromechanics and ACL injury. To that end, efforts are ongoing to determine the hormone profiles associated with these cyclic changes, and whether an algorithm can be developed to more readily identify those who experience substantial cyclic variations in joint laxity based on a few key laxity and hormone measures.
Although there is evidence to suggest that hormones may represent a primary pathway by which these laxity measures change over time, 29, 30 other studies have not observed a relationship between hormone concentration changes and knee laxity changes when compared across specific days. 18, 26 Further, the lack of uniform changes in laxity across the menstrual cycle suggest that other factors may interact with hormones or otherwise act independently to mediate these changes across the cycle. Such factors may include cyclic variations in an individual's weight or fluid retention, and changes in muscle stiffness properties across the cycle. While changes in weight or fluid retention have not been studied relative to changes in knee laxity, Eiling et al. 34 compared AKL and musculotendinous stiffness at three time points in the cycle. While they observed no change in AKL (they did not measure GR or GJL), they reported decreased musculotendinous stiffness when tested on a day near ovulation compared to tests performed on days of the cycle representing the first day of menses, mid follicular and mid luteal phases. Because GR represents a combination of ligament, muscular and capsular restraints, this measure may be more sensitive to musculotendinous stiffness changes than AKL (where the ACL is the primary restraint to this motion), thus explaining only a moderate correlation between these two measures (0.43). Given the myriad of factors that have the potential to change cyclically, more work is needed to understand the complete set of variables that are predictive of these changes.
Anatomical contributions to these measures may also influence the extent to which one laxity variable changes relative to another within an individual across the cycle. For example, the origin or cause of GR is thought to be due to a bony deformation of the proximal tibia (e.g., a reduced/reversed posterior tibial slope), excessive capsuloligamentous laxity, or a combination of both. [35] [36] [37] If the cause is structural in nature, GR may be less sensitive to changes in hormone concentrations (or other potential factors varying cyclically) than AKL and GJL. Alternatively, if GR is primarily of capsuloligamentous origin, it seems reasonable that sex hormones would equally impact the soft tissues restraining knee hyperextension (GR), anterior tibial translation (AKL), as well as motions at other joints (GJL), resulting in more congruent changes across measures.
Finally, the nature of the measure may also contribute to low correlations in changes between the three measures. With respect to GJL, cyclic changes were relatively small and only observed in 32 of the 66 subjects (Fig. 1) . As GJL is a criterion score rather than a continuous variable, changes may only be observed if the baseline range of motion is already close to the criterion value. For example, a 10° increase in 5th finger extension would only result in a change in score if the individual already had 80°+ of motion. This may very well explain the lower correlations noted between GJL with AKL (−0.07) and GR (0.16), as compared to AKL and GR (0.43), which both represent continuous variables. These findings may also call into question the validity of using GJL as a measure to identify cyclic variations in joint laxity. Of the 32 cases where cyclic changes in GJL were observed, 5th finger extension (26 of 32 cases), thumb abduction (14 of 32 cases), and trunk flexion (9 of 32 cases) most often contributed to these changes. Active elbow hyperextension and postural knee hyperextension rarely changed (2 of 32 cases), most likely because the capsuloligamentous structures at these joints were not stressed to the same extent. Based on these data, 5th finger extension may be the most sensitive GJL sub score to detect these cyclic variations. Even with these limitations, baseline line GJL still remains an important variable to consider in future studies given its reported association with ACL injury risk. 6, 9, 13 It may be that because this measure is less likely to change across the cycle, it can offer a more stable measure of absolute joint laxity when measured prospectively and the time in the cycle cannot be controlled.
In summary, substantial, similar, and reproducible cyclic changes in AKL, GR, and GJL were observed across the menstrual cycle, with the magnitude and pattern of cyclic changes varying considerably among females. However, the magnitude of change in joint laxity that is required to modify an individual's joint function and injury risk profile remains unknown, and work is ongoing to understand how both absolute baseline and cyclic variations in joint laxity influence weight bearing knee joint neuromechanics. Should cyclic changes in AKL, GR, and GJL be of sufficient magnitude to alter an individual's knee joint neuromechanics, it will be important to account for these cyclic changes in future injury risk studies. It will also be important to better understand the specific physiological mechanisms that mediate knee joint laxity changes across the cycle, as the effects of sex hormones (and other mediating factors) on ACL structure, metabolism and mechanical properties, as well as that of other surrounding soft tissue restraints, are currently unknown. 38, 39 
